Abstract Glyphosate (GLY) is the most used herbicide worldwide and its effects on anurans are well known. Pollutants can cause physiological and morphological effects. Therefore, this study evaluated the effects of GLY on hepatic melanomacrophages as a response to environmental stressors. Three treatments were exposed to different concentrations of pure GLY (100, 1000, and 10,000 μg g −1 , respectively), and there was also a control group. After the experimental time, liver and blood were analyzed. Melanomacrophages (MMCs) were located between the hepatocyte cordons, close to sinusoids. GLY increased the melanin area in MMCs of Leptodactylus latinasus exposed since lowest concentration until highest concentration. GLY also changed the occurrence of hepatic catabolism pigments into melanomacrophages and erythrocyte nuclear abnormalities; therefore, it can interfere with the hepatic metabolism. In conclusion, GLY promotes alterations in the hepatic tissue and erythrocyte nuclear abnormalities. Furthermore, MMCs may be useful as morphological responses of GLY effects.
Introduction
Glyphosate (GLY) (N-[phosphonomethyl] glycine; CAS no. 1071-83-6) is a weak organic acid that inhibits the shikimic acid biosynthesis pathway in plants. Glyphosate has become the most commonly used herbicide in Argentina and elsewhere in the world since the 1990s. There is a wide range of formulations for application in agriculture, forestry, industry, and home sectors (Giesy et al. 2000; Arregui et al. 2004; Reboratti 2010; Struger et al. 2008) .
Only a part of the amount of pesticides used in agriculture reach the target, the remainders flow into the ground, via air or water, contaminating a variety of microhabitats, including lakes and ponds in the vicinity of crops where anurans live and breed. Once this contamination takes place in a water body, an acute and/or chronic exposure affects all life stages (eggs, tadpoles, and adults) of anurans. The accumulation of such pesticides in the environment can cause adverse effects to the anuran health (Harris et al. 1998; Greulich and Pflugmacher 2003; Relyea et al. 2005; Rohr and Crumrine 2005; Gurushankara et al. 2007) .
The increasing use of pesticides is regarded as one of the main factors responsible for the dramatic decline in anuran populations in the past decades (Blaustein and Wake 1990; Davidson et al. 2002; Blaustein et al. 2003; Sparling et al. 2010) . Anurans are widely used as bioindicators of environmental quality due to some special traits (e.g., their permeable
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Electronic supplementary material The online version of this article (doi:10.1007/s11356-016-6153-z) contains supplementary material, which is available to authorized users. skin, position in trophic webs, shell-less eggs, exposed embryogenesis, free-living aquatic larvae, dependence upon two environments throughout their life history, and a narrow home range (Blaustein and Wake 1990; Blaustein et al. 1994 Blaustein et al. , 2003 Stebbins and Cohen 1995) . Several studies have used anurans to evaluate the effects of GLY at different ecological levels (Mann and Bidwell 1999; Giesy et al. 2000; Govindarajulu 2008; Relyea and Jones 2009; Jones et al. 2010; Fuentes et al. 2011; Lajmanovich et al. 2011; Moore et al. 2012; Güngordü 2013; Meza-Joya et al. 2013; Wagner et al. 2013; Annett et al. 2014) .
Pesticides can negatively affect amphibian individuals and populations, specifically their survival. They alter the larval growth and development rates; change morphology, physiology, and behavior; and induce genetic damage to the DNA, thus reducing the reproductive output (Carey and Bryant 1995; Jha 2008; Sparling et al. 2010; Gonçalves et al. 2014) . Moreover, environmental pollutants or stressors are known to affect the immune system of amphibians (Christin et al. 2004; Jantawongsri et al. 2013) . It is known that the cells containing pigments present in hematopoietic organs, e.g., melanomacrophages (MMCs), play a role in the immunological response and the detoxification of pollutants (Agius 1981; Agius and Roberts 2003; van der Oost et al. 2003; FrancoBelussi et al. 2013 ) and aggressive phagocytic cells that readily consume fungi, bacteria, parasites, mycobacteria, foreign bodies, and involved on hemocateresis by phagocytosis on cell debris, including hemoglobin breakdown products (Rund et al., 1998; Campbell 2015) . MMCs produce and store three pigments: melanin, hemosiderin, and lipofuscin (Agius 1981; Agius and Roberts 2003; Jordanova et al. 2008) . Melanin can absorb and neutralize free radicals and other toxic substances derived from the cell metabolism (Agius and Roberts 2003) . MMCs appear to synthesize melanin, which is a protective pigment capable of scavenging free radicals and neutralizing cations, thereby protecting tissues from cytotoxic damage (Barni et al. 1999; Campbell 2015) . Lipofuscin is produced via oxidative polymerization of polyunsaturated fatty acids, which accumulate as the result of a deficient diet (Pickford 1953) . Lastly, hemosiderin is an intermediate metabolic product, generated during the recycling of components in the erythropoiesis (Kranz 1989) . In recent years, there has been increasing interest on the possible role of melanin in MMCs as a scavenger of free radicals (Rozanowska et al.1999; Loumbourdis 2007 ) and other toxic substances. Studies in anurans showed that the exposure to different environmental pollutants such as heavy metals (cadmium) or insecticides (chlorpyrifos) increased MMC's proliferation in the liver, following a specific pattern (Loumbourdis and Vogiatzis 2002; Păunescu et al. 2010) . Adding to that, Jantawongsri et al. (2013) indicated that an increase in MMCs number and area could be associated with environmental pollutants. Whereas Herberg and Wallin (2010) have shown that Roundup formulations affect the intracellular transport of melanin vesicles (e.g., melanosomes) into skin pigmented cells cultured (e.g. melanophores) of Xenopus by decrease of pH and intracellular Ca 2+ balance, as well as the morphology and integrity of the cytoskeleton.
In the other hand, previous reports demonstrated that GLY is geno-and cytotoxic herbicide by the induction of micronucleus (MNs) in circulating erythrocytes from amphibian tadpoles as a consequence of GLY treatments (Meza-Joya et al. 2013; Yadav et al. 2013; Bosch et al. 2011; Clements et al. 1997) . The exact mechanism of the genotoxic effects of glyphosate or its formulations is not known (Yadav et al. 2013) . These authors reported that formulation of glyphosate used in his works has a clastogenic effect in anurans, agreeing with the report of Clements et al. (1997) . The MNs assay is employed worldwide as genotoxic bioassay to detect small chromosomal fragments, i.e., acentric fragments and chromatid fragments, induced by clastogens or vagrant chromosomes produced by aneugens (Fenech, 2007; OECD, 2007) . Despite the lack of knowledge about the mode of action of GLY, some authors mentioned that elevated levels of reactive oxygen species and/or depressed antioxidant defenses may result in DNA oxidation and increased steady-state levels of unrepaired DNA, which is a well-known process underlying genotoxicity, in particular in the context of environmental genotoxicants (Azqueta et al., 2009) .
Since MMCs acts in the detoxification of pollutants and GLY can alter melanin vesicles transport in skin pigmented cells; we hypothesized that the melanin present in liver melanomacrophages should increase after endogenous administration of pure glyphosate in Leptodactylus latinasus by increased liver detoxification action that produce free radical and this radicals can be neutralized by melanin. The effects of pure glyphosate (administered intraperitoneally) in hepatic MMCs of L. latinasus were evaluated in this study for the first time by assessing the changes in the melanin pigmented area occupied on melanomacrophages cells, beyond the area occupied by catabolic substances (e.g., hemosiderin and lipofuscin) and the presence of MNs and other nuclear abnormalities in erythrocytes were evaluated since geno-and cytotoxic effects of GLY is known. Then, we aim to describe systemic effects of GLY in anuran particularly at histological level.
Materials and methods

Chemicals
For the bioassays, 99 % purity grade GLY (CAS 1071-83-6) was kindly provided by GLEBA S.A., Argentina. The historesin used in bioassays came from the Leica Historesin embedding kit. All other chemicals and solvents of analytical grade were purchased from Sigma-Aldrich Chemical Co.
Anuran specie
Leptodactylus latinasus (Jiménez de la Espada, 1875), is a medium-sized anuran (28-40 mm) dispersed in diverse environments between 0 and 600 m above sea level (i.e., coastal, Pampean grasslands, agroecosystems) throughout Argentina. L. latinasus lives in holes and lays eggs in a foam nest where tadpoles begin their development and emerge when it is inundated by rains or overflowing brooks. The primary route of exposure to pollutants in agricultural habitats is via skin contact with soil or water, direct application or ingestion of insects. Populations of this species are stable, ranked as nonthreatened (Vaira et al. 2012; IUCN, 2013) , and are easily maintained under lab conditions.
Source of organisms
Specimens of L. latinasus were collected from a temporary and unpolluted environment, free of agricultural practices, during breeding season in Argentina outside the city of La Plata, Buenos Aires Province (35°00 12″ S, 57°52 06″ W). All specimens were collected with the permission of the Flora and Fauna Direction from the Buenos Aires Province (code22500-22339/13). Adult males of L. latinasus (N = 20) were collected and transported to the laboratory, and then were weighed (weight average, 3.58 g) and measured a snout-vent length (average, 33.61 mm), posterior acclimated to 16:8-h light/dark cycles in aquaria at 25°C, and then transferred to 2800-cm 3 glass containers with water. The acclimation period lasted 7 days without food (temperature, 25.0 ± 1°C; photoperiod 16:8 h).
Acute exposure bioassay
Experiments for toxicity assessment were performed using four treatments (N = 5 per treatment): control (received only Ringer's solution) and 100, 1000, and 10,000 μg/g of 99 % GLY. For each treatment, technical-grade GLY was dissolved in amphibian Ringer's solution (125 nM NaCl, 3 nM KCl, 10 nM CaCl 2 , 1 L TRIS buffer; Sigma-Aldrich). Treatments were administered via intraperitoneal injection (IP) with a singledose (e.g., 1 μL/g; Wright 2006; McComb et al. 2008) . These concentrations were adapted from subchronic toxicity studies in mammals (Williams et al. 2000) , and based on maximum GLY solubility where no effects were detected and a logarithmic scale was applied to make a screening effect. After the treatment, each organism was kept separately in a glass container with water, and without food during the experimental time (e.g., 48 h).
Specimen processing
After 48 h from the initial acute exposure, the specimens from each treatment were weighed (0.001 g precision scale) and measured with a digital caliper (0.01 mm precision). All specimens were anesthetized, euthanized by freezing, and dissected according to directives and protocols detailed in the Guide for Care and Use of Laboratory Animals (National Research Council, 2011) .
Sample processing for histological analysis
The liver of each experimental organism was extracted, weighed, and placed into Karnovsky fixative solution (0.1 M Sörensen phosphate buffer, phosphate buffer pH 7.2 with 5 % paraformaldehyde and 2.5 % glutaraldehyde) for 24 h at 4°C for further processing. For the histological processing, each liver sample was washed with distilled water, dehydrated in an alcohol series, and embedded in historesin. Afterwards, random 2-μm-thick sections (~65 sections of each liver) were obtained using a Leica RM 2265 microtome. Approximately 20 liver sections were mounted per slide, totaling to three slides per animal for morphological description and pigment quantification.
The first slide with the liver sections was stained with hematoxylin-eosin for histopathologic analyses and melanin quantification. The second slide was incubated for 15 min in Schmorl's solution for catabolic pigments to determine lipofuscin. The third slide was incubated during 15 min in acidic ferrocyanide, followed by staining with solutions of neutral red and eosin for hemosiderin detection. After the staining, histological sections were observed under a Leica DM4000 B microscope with an image capture system (Leica DFC 280).
The analysis of histopathological lesions was carried out by evaluating: hypervascularization (congestion), enlargement of sinusoids, vacuolization in hepatocytes, hemorrhage, and necrosis in hepatocytes according to Cakıcı (2015) . For these analyses, we used ten histological sections. To pigment analyses, 25 micrographs for each staining per animal were analyzed using image analysis system software (Image Pro Plus 6.0, Media Cybernetics, Inc.). The area occupied by each pigment was quantified as melanomacrophages (melanin, hemosiderin, and lipofuscin) based on the different staining intensity, similarly to the method used by Santos et al. (2014) to quantify the area occupied by melanin-containing cell in liver.
Micronuclei and other erythrocytes nuclear abnormalities
Slides blood was confectioned and micronuclei assay was performed by fixation with cold methanol (4°C) for 20 min and then stained with Giemsa solution (5 %) for 12 min. The frequency of MNs was determined in peripheral mature erythrocytes after 48 h. Other erythrocytic nuclear abnormalities were blind-scored from 1000 erythrocytes per experimental point from each experiment at ×1000 magnification. The presence of other nuclear abnormalities in mature erythrocytes was assessed according to the procedures of Lajmanovich et al. (2014) with minor modifications by determining the frequency of the following nuclear lesions: notched nuclei (NN), i.e., nuclei with vacuoles and appreciable depth into a nucleus without containing nuclear material; blebbed nuclei (BL), i.e., cells with one nucleus presenting a relatively small evagination of the nuclear membrane which contains euchromatin; and erythroplastids (EPs), i.e., anucleated forms of circulating red blood cells. Erythrocytes were analyzed, and data were expressed in total number of micronucleus per 1000 cells. Blood analysis was conducted in accordance with Perez Iglesias et al. (2014) .
Statistical analyses
To estimate the effect of the treatments (glyphosate exposure, predictor variable) on histopathological lesions, area occupied by each pigment (melanin, hemosiderin, and lipofuscin) and on the presence of MNs and others nuclear abnormalities (response variables), a one-way analysis of variance (ANOVA) with Tukey test was performed (Zar 2010) . Data were visually inspected for checking the assumptions of homogeneity of variance and normality. Then, data were log transformed to meet assumptions. The relationship between area occupied by each pigment, presence of MNs, and others nuclear abnormalities with glyphosate concentrations were evaluated by simple linear regression and correlation analyses. Tests of significance of the regression and correlation coefficients were performed following Zar (2010) . Analyses were performed using the R software v. 2.11.1 (R Core Team 2010).
Results
Liver histopathological analyses
In normal condition, liver tissue presents hepatocytes in cordons surrounded by sinusoids, and melanomacrophages ( Fig. 1, S1 ). Histopathological lesions were observed in the largest concentration of glyphosate used (GLY 10, 000 μg g
−1
). In the highest GLY concentration were observed increased of vascularization (e.g., hypervascularization) and vacuolization of hepatocyte cytoplasm (p < 0.001; Fig. 1 ). In lower concentrations of GLY (e.g., GLY 100 μg g −1 and GLY
) histopathological lesions were detected in low frequencies but these are not significant with respect to control (p > 0.05).
Pigment composition in melanomacrophages
MMCs were located between the hepatocyte cordons, close to sinusoids. MMCs are large and rounded cells with melanin granules in their cytoplasm (Fig. 2) . The amount of melanin, hemosiderin, and lipofuscin are distinct into MMCs (p < 0.001, Fig. 2 ). Melanin was significantly higher (5045 μm 2 ) in the MMCs of L. latinasus, followed by hemosiderin (3038 μm 2 ) and lipofuscin with lowest amount into MMCs (2392 μm 2 ).
Pigment quantification in MMCs after GLY exposure
The one-way ANOVA test showed high statistically significant increment (p < 0.001) in the MMCs melanin area of L. latinasus exposed to the 100, 1000, and 10,000 μg g −1 GLY treatments (Fig. 3) . Conversely, one-way ANOVA test showed high statistically significant decreased hemosiderin treated with 100, 1000, and 10,000 μg g −1 GLY in the MMCs of L. latinasus (p < 0.05). Furthermore, the MMCs lipofuscin area increased significantly (p < 0.001) in L. latinasus while in 100 μg g −1 GLY treatment (Fig. 3) .
Therefore, melanin, hemosiderin, and lipofuscin are responsive to 100 μg g −1 GLY treatments.
Fig. 1 Histological sections of liver of Leptodactylus latinasus showing normal tissue of control group (Cont) and histopathological alterations in a n i m al s t r ea t e d w it h g l y p h o s a t e i n h i g h co n c en t ra t i o n ( G LY 1 0 0 0 0 μ g g − 1 ) . A f t e r G LY e x p o s u r e i s o b s e r v e d , hypervascularization (asterisk) and vacuolization of hepatocyte cytoplasm (v). Staining = hematoxylin-eosin. Bars = 25 μm
Relationship between pigments in MMCs and GLY exposure
A regression and correlation analysis showed a significant concentration-dependent increase between melanin on MMCs following treatment with GLY (r = 0.37, p < 0.0001).
On the other hand, it showed no relationship between GLY concentration and the area occupied by hemosiderin and lipofuscin in MMCs on liver of L. latinasus (p > 0.05), after 48 h of exposure.
When comparing three substances in the same experimental condition, we observed a positive correlation (p < 0.05) Fig. 3 Differences in pigmented areas of melanin, hemosiderin, and lipofuscin into melanomacrophages of Leptodactylus latinasus. Cont control group; GLY 100, 1000, and 10,000 μg g −. animals administered 100, 1000, and 10,000 μg g −1 of pure glyphosate, and analyzed after 48 h. N = 5 per treatment. Asterisk show statistical differences between the experimental concentration and the control group for the same substance.*p < 0.05; **p < 0.001 between area of melanin and lipofuscin in GLY 100 μg g −1 where both substances increased (Fig. 3) . In addition, melanin and hemosiderin posses an inverse correlation in GLY 1000 μg g −1 (p < 0.05), and catabolic substances (e.g., hemosiderin and lipofuscin) show inverse correlation in GLY 100 μg g −1 (p < 0.05), when hemosiderin decreases while melanin and lipofuscin increases (Fig. 3) .
Micronuclei and other erythrocytic nuclear abnormalities
One-way ANOVA results showed a significant increase of MNs in L. latinasus exposed to glyphosate (p < 0.01). Particularly, the increase occurs in frogs exposed to 100 μg g −1 GLY (p < 0.05; Table 1 ). Furthermore, analysis
EPs also shows a significant increase (p < 0.01) at 10, 000 μg g −1 GLY (Table 1) . No correlation was observed between the micronuclei and GLY concentrations (p > 0.05).
Discussion
This study shows for the first time the effect of glyphosate (GLY) on the histopathologic lesions and on the three hepatic pigments found in the liver MMCs of adult anurans (i.e., melanin, hemosiderin, and lipofuscin). Particularly, GLY increased the melanin and decrease hemosiderin area in the liver MMCs of L. latinasus. This study reports that GLY alters differently the pigmentation response in the hepatic MMCs on L. latinasus which has intense activity during spring and winter. Despite this, further studies on neotropical species are required that can be associated response of MMCs with environmental changes and physiological characteristics of each species, considering the broad lifestyle in this region. In this sense, an increase on pigments of MMCs in fish (Pascoli et al. 2011 ) and anurans (Franco-Belussi et al., 2013) , at pesticide concentrations, was linked to a protective function and detoxification function against GLY. The decrease in the area of catabolic pigments in MMCs is associated with a reduction in phagocytic activity (Bucke et al. 1992; Fenoglio et al. 2005) . The increase registered in lipofuscin area correlated with melanin, at lowest concentration of GLY, points to an increase of oxidative polymerization products, which might be related to a response against melanin free radicals. On the other hand, considering that hemosiderin is an intermediate metabolic product generated during the recycling of components in the erythropoiesis, decrease of this pigment to GLY exposure can be related with damages in normal activities of iron recycling and hepatic catabolic process. In other words, the response of MMCs on liver in this case can be associated with a process of detoxification and renewal of damaged cells. In this sense, physiology and fitness on anurans exposed to pesticides would be compromised. In addition, we observed increased of MNs and eritroplastids after GLY exposure. Decreased hemosiderin in all concentrations of GLY could be related to a deficiency of the liver to perform the function of hemocateresis so the capacity of the organ is unable to remove damaged erythrocytes. Consequently, damaged cells remain in circulation as evidenced by the presence of MNs and EPs in individuals exposed to GLY. Particularly, the increase of the presence of EPs, may represent a particular device for increasing oxygen transport efficiency, particularly in conditions of water pollution (i.e., with pesticide residues) by improving the cell surface/volume ratio like Barni et al. (1999) have mentioned. Genotoxic effects of pesticides like GLY in frogs are widely studied (Clements et al. 1997; Meza-Joya et al. 2013; Yadav et al. 2013 ), but relationships between genetic damage on blood cells with hepatic metabolic substances are poorly studied. In addition, use of hemosiderin and lipofuscin as morphological biomarkers of pesticide contamination is not known, but the use of melanin has been described due to its protective role. Other studies demonstrate that melanin is a good indicator of environmental stressors (Santos et al. 2014) , contamination with bacteria (Franco-Belussi et al. 2013) , and is importance as a marker of external effects. In this context, we consider interesting to evaluate the relationship between cytotoxic damage on blood cells and response of pigments on MMCs responsible for hemocateresis.
MMCs and their associated pigments (melanin, lipofuscin, and hemosiderin) are important in catabolic processes against oxidative damage and in the immune response triggered after herbicide exposure. As Coulliard and Hodson (1996) pointed out, an induced proliferation of MMCs may cause oxidative damage of cellular membranes, increased rate of cellular death, and accumulation of lipofuscin within MMCs. Other studies have reported an increase in the number of MMCs in organisms exposed to low levels of pollutants, which has been ascribed to the capacity of the cellular deference system to remove debris by increased phagocytic activity, with the consequent increase in MMCs (Agius and Roberts 2003) . Our results from this study are congruent with those of Mela et al. (2007 Mela et al. ( , 2012 Mela et al. ( , 2013 who observed degenerative necrotic conditions in the liver when exposed to high concentrations of a pollutant, and a predominant phagocytic activity of MMCs at low concentrations. Likewise, Brodkin et al. (2007) (Santos et al. 2014) . Regardless, the effects of pesticides on liver MMCs of anurans were unknown, until this study. In this context, we propose the use of MMCs as morphological responses for the exposure to environmental chemicals, and as potential indicator of overall anuran health (Wolke et al. 1995; Agius and Roberts 2003) .
Results from this study constitute the first report evaluating the systemic effects of a pesticide on an adult anuran. Since this is the first study of adult frogs, intra-abdominal inoculation route was chosen since animals do not possess predominant aquatic habits, so as tadpoles. Thus, this route of administration was important to ensure that the actual concentration reached the animal's body. Despite this, highest concentration of GLY in water was 162 μg L −1 in Canada (Feng et al. 1990) and 8.7 μg L −1 in midwestern states of USA (Scribner et al. 2003; USGS 2015) ; but in Argentina, with extensive agricultural practices and use of herbicides, highest concentrations of GLY was found and its metabolites with highest values of 1.84 mg kg −1 in soils (Peruzzo et al. 2008; Aparicio et al. 2013 ) and 560 μg L −1 in water surfaces (Peruzzo et al. 2008 ). In addition, according to WHO (1994) and safety data sheets formulations with GLY, the application of GLY are approximately between 0.3 and 5.8 kg a.i./ha being dependent on the type of use. In this context, and considering that L. latinasus makes its caves in soils and placed their nests with eggs, when specific events occurred like direct application, drainage ditches, or accidental discharge, this anuran populations could be exposed accidentally and be affected by GLY herbicide to highest range of concentrations. On the other hand, this is the first study that evaluates effects of pesticides on MMCs pigments on anurans adults. In agreement with Fenoglio et al. (2005) , Loumbourdis (2007) , and Mela et al. (2007 Mela et al. ( , 2012 , we suggest that future research should focus on a better understanding of the role of MMCs in the detoxification of environmental pollutants and their role in antioxidant non-enzymatic systems and immune response. In other words, the responses of pigments on MMC liver could be used as morphological responses of immune toxicity and associated with degenerative necrotic conditions. It is unfortunate that there are only few studies focusing on the role of MMCs in anurans and other amphibians, despite these being recognized as good bioindicators organisms.
Conclusion
In sum, this study contributes to the understanding of the systemic effects of GLY in anuran. From these results, we suggest further studies using the responses of hepatic pigmentary system as morphological responses of pesticides on liver tissue. Morphological effects are important because they show structural effects in tissues that can be related with physiological functions. This study evaluated for the first time the action of chemicals stressor in liver MMCs of adult anuran, demonstrating the effects of GLY on the three pigmentary substances present in the MMCs (e.g., melanin, hemosiderin, and lipofuscin). Although the chemical was administered via intraperitoneal injection, which is not representative of normal field exposure, it provides a means of ensuring precise dosages that affects hepatic tissue. Moreover, our studies contributed to understanding effects of this herbicide an acute exposure of native anurans to a widely used herbicide.
